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The regulation of cellular Ca*>* homeostasis is essential for innumerable physiological and pathological
processes. Stanniocalcin 1, a secreted glycoprotein hormone originally described in fish, is a well-established
endocrine regulator of gill Ca®>* uptake during hypercalcemia. While there are two mammalian Stanniocalcin
homologs (STC1 and STC2), their precise molecular functions remain unknown. Notably, STC2 is a prosur-
vival component of the unfolded protein response. Here, we demonstrate a cell-intrinsic role for STC2 in the
regulation of store-operated Ca*>* entry (SOCE). Fibroblasts cultured from Stc2 knockout mice accumulate
higher levels of cytosolic Ca>* following endoplasmic reticulum (ER) Ca>™ store depletion, specifically due to
an increase in extracellular Ca>* influx through store-operated Ca*>* channels (SOC). The knockdown of STC2
expression in a hippocampal cell line also potentiates SOCE, and the overexpression of STC2 attenuates
SOCE. Moreover, STC2 interacts with the ER Ca”>* sensor STIM1, which activates SOCs following ER store
depletion. These results define a novel molecular function for STC2 as a negative modulator of SOCE and
provide the first direct evidence for the regulation of Ca*>* homeostasis by mammalian STC2. Furthermore, our
findings implicate the modulation of SOCE through STC2 expression as one of the prosurvival measures of the

unfolded protein response.

Ca®" ions act as messengers that can alter protein confor-
mation and/or localization, enzymatic activity, and membrane
potential, thus initiating signaling networks that underlie cel-
lular processes as diverse as transcription, metabolism, protein
folding, cellular communication, motility and adhesion, cellu-
lar proliferation, and cell death (11). Accordingly, Ca** mo-
bility is tightly regulated, and the disruption of Ca** homeo-
stasis has been shown to be involved in innumerable injury and
disease states (7). The endoplasmic reticulum (ER) plays a
prominent role in the regulation of cellular Ca>* homeostasis,
and proper functioning also requires the maintenance of its
own Ca””" stores as the loss of ER Ca®" impairs ER function
(41). In nonexcitable cells, Ca®" influx and ER stores serve as
the principle sources of Ca*" for cellular signaling (1). Both
sources are tightly regulated and coordinated with one an-
other, as Ca®* release from the ER triggers the activation of
plasma membrane Ca”>* channels in a process known as store-
operated Ca®" entry (SOCE) (44). STIM1 recently has been
identified as a central regulator of SOCE (32, 46). STIM1
senses Ca”* levels within the lumen of the ER through an
N-terminal EF-hand domain, and upon store depletion it oli-
gomerizes and then translocates within ER membranes to bind
directly to and activate plasma membrane-localized store-op-
erated Ca®" channels (SOCs) (6). These SOCs vary by cell
type but are thought to consist of Orail alone or combinations
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of Orail and TRP channel family members (10, 31, 43). In
humans, the loss of SOCE due to mutations in STIM1 or Orail
leads to severe immunodeficiency, muscular hypotonia, and
ectodermal dysplasia (16).

Based on the well-characterized role of fish STC as a hor-
mone that regulates Ca®" and phosphate homeostasis by in-
hibiting gill Ca*>* uptake (56-58), mammalian Stanniocalcin
proteins (STC1 and STC2) have been widely proposed to be
regulators of Ca®" homeostasis (17, 33, 40, 62). However,
human STCI1 is not detectable in serum under basal conditions
and radiolabeled recombinant STC1 is rapidly modified and
eliminated, arguing that secreted STC likely functions locally
in an autocrine or paracrine manner (13). Consistent with this
notion, transgenic mice overexpressing human STC2 have nor-
mal serum Ca”* and phosphate levels (17). Likewise, Stcl ™/,
Stc27'~, and Stc1 ™/~ Stc2™/~ mice do not exhibit any changes
in serum Ca*" or phosphate levels and do not have any deficits
in growth or fertility (8, 9). While STC2 does not appear to
play a physiologic role in the endocrine regulation of Ca**
homeostasis, numerous studies have demonstrated a link be-
tween STC2 expression and a variety of different cancers, in-
cluding breast, prostate, renal, colorectal, and ovarian carcino-
mas (4, 5, 22, 36, 51). Other recent work has suggested that
STC2 promotes invasiveness and metastasis in cancer cells (26,
29, 53). However, despite a clear role in human disease, the
molecular function and targets of mammalian STC2 remain
largely unknown.

In addition to being differentially expressed in cancer tissue,
STC2 expression also is induced by oxidative stress and hyp-
oxia, indicating that STC2 plays an important role in the cel-
lular response to stress (23, 30). Furthermore, our laboratory
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has identified STC2 as a prosurvival component of the un-
folded protein response (UPR) whose expression is upregu-
lated by the transcription factor ATF4 through PERK serine-
threonine kinase signaling (23). Based on the reciprocal
relationship between ER function and Ca** homeostasis, we
hypothesized that STC2 functions at the interface of these
processes. Therefore, we have investigated the role of STC2 in
the maintenance of cellular Ca?" homeostasis. Using murine
embryonic fibroblasts (MEFs) derived from Stc2 knockout
mice, we demonstrate that the loss of STC2 expression leads to
changes in cellular Ca>* handling after ER store depletion.
These changes result specifically from an increase in Ca*"
influx through SOCs. Furthermore, we show that the overex-
pression of STC2 can reduce SOCE and that STC2 can bind to
STIML in a stress-dependent manner. These results define a
novel cellular function for STC2 and suggest that the regula-
tion of STIM1-mediated SOCE is important for the cellular
response to stress.

MATERIALS AND METHODS

Production of Stc2~/~ mice. The Stc2 targeting vector was constructed as
follows. A 5.0-kb left targeting arm containing 5’ sequences plus the 5’ untrans-
lated region of exon 1, including the nucleotide located at position —1 upstream
of the ATG start codon of exon 1, was PCR amplified from genomic DNA of
129SvEv-derived embryonic stem (ES) cells with two primers, S2SAF1 (5'-CA
AAGTCAGGCTCATTTGGA-3') and S2SA2R3 (5'-GGTTCTGGGTATCAC
CCTCC-3"); a 3.0-kb right arm downstream of exon 2 was amplified using two
primers, S2LAF2 (5'-TGAGCAGATTTCCTGGGTTT-3") and S2LA2R3 (5'-G
CAAAATCCAGGATCCTACAG-3"). Both arms were cloned into pN-Z-TK2
vector (kindly provided by R. Palmiter, University of Washington, Seattle, WA).
The targeting construct was linearized at the unique Ascl site and electroporated
into 129SvEv-derived embryonic stem cells. Three hundred eighty-four ES cell
clones were screened by Southern blot analysis using flanking 3" genomic DNA
probe external to the targeting vector. One clone (3-104), carrying a disrupted
Stc2 allele, was injected into C57BL/6 mouse blastocysts to produce chimeric
mice. Chimeras subsequently were mated with C57BL/6 mice, and once germ
line transmission was achieved, heterozygote Stc2*/~ mice were cross-bred to
generate homozygous Stc2™/~ mice. Genotyping by PCR was performed using
tail DNA as a template and a set of four primers: WtF (5'-GCTGTGGTGTG
TTTGAGTGTTTCG-3'), WtR (5'-TGCTTATTAGGTTCTCTGCCCTG-3"),
KoF (5'-CTGGCGTAATAGCGAAGAGG-3'), and KoR (5'-CGCTCAGGGT
CAAAATTCAG-3'"). The primers WtF and WtR amplified a 703-bp fragment
from the wild-type allele, and primers KoF and KoR amplified a 424-bp fragment
from the knockout allele.

Mice were provided food and water ad lib, maintained on a 12-h light/12-h
dark cycle, and housed under conditions controlled for temperature and humid-
ity. All mouse procedures used in this study were reviewed and preapproved by
meeting the Animal Experimentation Guidelines of the Keio University School
of Medicine or the Institutional Animal Care and Use Committee at the Uni-
versity of Chicago as appropriate.

Histology. For histopathological studies, brain and peripheral tissues (cere-
brum, cerebellum, heart, liver, lung, spleen, pancreas, kidney, testis, and quad-
riceps femoris muscle) were removed from 3- and 6-month-old wild-type and
Stc27/~ mice. After fixation with 3.7% formaldehyde in phosphate-buffered
saline (PBS) for 4 days, specimens were embedded in paraffin. Sections (7 pum)
were cut with a microtome, stained with hematoxylin and eosin, and examined
under a light microscope.

Cell culture. Primary fibroblasts were cultured from 13.5-day-old wild-type
(WT) and Stc2™/~ embryos. To induce ER stress, second-passage cells were
treated for 16 h with 2 pg/ml tunicamycin (Tm) or 300 nM thapsigargin (Tg)
(Sigma). For further characterization, WT and Stc2~/~ MEFs were immortalized
by transfection with a plasmid encoding the simian virus 40 large T antigen.
Transformed MEFs and COS cells were cultured in Dulbecco’s modified essen-
tial medium (DMEM) supplemented with 10% bovine growth serum (HyClone).
Immortalized rat hippocampal H19-7 cells were cultured in the same medium at
33°C; to induce differentiation, cells were switched to N2 medium supplemented
with 50 ng/ml basic fibroblast growth factor (bFGF) (Gibco) and incubated at
39°C (61). Stim1~/~ Stim2~'~ double knockout (dKO) and control MEFs have
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been described (39). Recombinant retroviruses produced in Plat-E packaging
cells were used for transient infections and to generate stable pools of transduced
cells (37).

Cell proliferation and viability assays. The proliferation and survival of trans-
formed WT and Stc2~/~ MEFs was determined using cell counting kit 8 (Do-
jindo Molecular Technologies). For cell viability assays, MEFs were plated at a
density of 10* cells per well in 96-well microplates. The following day, cells were
exposed to Tg or hydrogen peroxide (H,O,) diluted to the indicated final con-
centrations in the culture medium in triplicate for the indicated times. A stan-
dard curve of absorbance values for known cell densities was generated for each
experiment.

Plasmids and antibodies. The cDNA encoding mouse Stc2 (23) was C-termi-
nally modified by the addition of sequence coding for the amino acids RFLEERP
(CT11 epitope tag) and KDEL (ER retention signal) to generate STC2¢y;; and
STC2kpgy, respectively. The yellow fluorescent protein (YFP)-STIMI1 expres-
sion vector was a generous gift of T. Meyer (32). The STIM1-myc expression
vector was obtained from Addgene (plasmid 17732) (39). For the generation of
stable pools, cDNA or Stc2 RNA interference (RNAIi) sequence (23) was sub-
cloned into pMXs (37) or pSUPER.retro (OligoEngine) retroviral plasmid. Two
polyclonal antisera against STIM1 were raised in rabbits against the synthetic
peptide CPGRKKFPLKIFKKPLKK and characterized using Stim1 '~ Stim2~/~
dKO MEFs. Rabbit polyclonal antisera against STC2, GRP78, and flotillin-2
have been described previously (18, 23, 34). Rabbit antiserum CT11 reacts with
the residues RFLEERP. Mouse monoclonal antibodies against a-tubulin and
green fluorescent protein (GFP) (Invitrogen), 6-glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (Abcam), protein disulfide isomerase (PDI; StressGen),
¢/EBP homologous protein (CHOP; Santa Cruz), and rabbit polyclonal antibody
against calnexin (StressGen) were purchased.

RT-PCR. Total RNA was isolated from 3-month-old mouse kidneys, and the
reverse transcription-PCR (RT-PCR) analysis of Stc2, Stcl, and B-actin expres-
sion was performed as described previously (23). Total RNA was isolated from
WT and Stc2~/~ MEFs using the RNeasy kit (Qiagen), and cDNA was synthe-
sized using the SuperScript III first-strand synthesis system (Invitrogen). Quan-
titative PCR then was conducted using SYBR GreenER SuperMix (Invitrogen)
and an iCycler thermal cycler (Bio-Rad).

Protein analysis. Cells were lysed in cold lysis buffer (50 mM Tris-HCI [pH
7.4], 150 mM NacCl, 0.5% NP-40, 0.5% sodium deoxycholate, 0.25% sodium
dodecyl sulfate, 5 mM EDTA, and protease inhibitor cocktail [Sigma]) and
sonicated. Lysates were fractionated by SDS-PAGE on 4 to 20% Tris-glycine
gradient gels (Invitrogen) and transferred to polyvinylidene difluoride mem-
branes (Millipore), which were sequentially incubated with primary antibodies
and horseradish peroxidase-conjugated protein A or goat anti-mouse IgG (Jack-
son ImmunoResearch Laboratories). Signals were visualized by enhanced chemi-
luminescence detection (PerkinElmer Life Sciences). Alternatively, blots were
incubated with infrared (IR) dye-conjugated secondary antibodies and visualized
by an Odyssey infrared imaging system (LiCor Biosciences).

For coimmunoprecipitation studies, COS cells transfected with STIM1 and/or
STC2¢py; were lysed in 1% 3-[(3-cholamidopropyl)dimethylammonio]-2-hy-
droxy-1-propanesulfonate (CHAPSO) buffer (1% CHAPSO, 50 mM HEPES,
150 mM NaCl, 2 mM EDTA, and 10 mM n-ethylmaleimide) on ice. Lysates were
clarified by centrifugation at 10,000 rpm for 10 min and precleared for 2 h with
protein A agarose. Aliquots of lysates then were incubated at 4°C overnight with
primary antibodies (polyclonal STIM1 antibody or polyclonal CT11 antibody [to
capture tagged STC2]). Immune complexes were collected using protein A aga-
rose, washed three times in 1% CHAPSO buffer, and analyzed by Western
blotting using STIM or CT11 antibodies. For the analysis of endogenous STIM1
interaction with STC2, WT and Stiml~/~ Stim2~/~ dKO MEFs stably trans-
duced with STC2 -, retrovirus were grown to confluence and treated for 4 h or
overnight with 0.5 wg/ml tunicamycin (Tm) or 50 nM thapsigargin (Tg) before
lysis and coimmunoprecipitation with STIM1 antibody.

I fluorescence labeling. WT and Stc2~/~ MEFs grown on poly-L-lysine-
coated coverslips were fixed in 4% paraformaldehyde and then permeabilized in
0.2% Triton X-100 for 5 min. After blocking, the cells were stained with anti-
bodies against a-tubulin for 1 h and then with Alexa 488-conjugated secondary
antibody and 50 pg/ml tetramethyl rhodamine isocyanate (TRITC)-conjugated
phalloidin for 1 h at room temperature. Coverslips then were washed and incu-
bated with Hoechst (1:10,000) before final washing and mounting to slides.
METFs stably overexpressing STC2 were stained with polyclonal STC2 antiserum
and monoclonal antibodies against immunoglobulin heavy-chain binding protein
(BiP; StressGen) or GM130 (BD Transduction laboratories) and detected using
secondary antibody conjugates with Alexa 488 and Alexa 555.

For colocalization analysis, COS-7 cells were double stained with antibodies
against CT11 and GFP for 1 h and then secondary antibodies for 1 h. Image
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FIG. 1. Characterization of Stc2~/~ MEFs. (A) Southern blot of mouse tail DNA isolated from Stc2*/*, Stc2™/~, and Stc2~/~ animals.
(B) RT-PCR analysis of Stc2 expression in Stc2*/*, Stc2™/~, and Stc2™/~ kidneys. N.C., negative control RT-PCR without reverse transcriptase.
(C) Western blot analysis of STC2 expression in MEFs treated with Tm (2 wg/ml) or Tg (300 nM) for 16 h. WT and Stc2~/~ MEFs were treated
for 8 h with a range of concentrations of Tg (D) or H,O, (E) to elicit ER or oxidative stress. Cell viability was determined using colorimetric WST-8
assays, and percent survival was calculated relative to that of untreated cells. Each point on the graph represents the means * standard errors of
the means (SEM) from at least three independent experiments. *, P < 0.05; **, P < 0.01; *%*, P < 0.001 (each by one-way analysis of variance

[ANOVA]).

stacks (0.2-wm Z step) were acquired on a Nikon Eclipse TE-2000 E microscope
with a 100X (1.45 numeric aperture [NA]) or 60X (1.49 NA) objective and
processed using Metamorph software (Universal Imaging Corp.). Z stacks then
were deconvolved using Huygens software (Scientific Volume Imaging) and used
to quantify Pearson’s coefficient of colocalization using the JACoP plug-in for
ImageJ (3).

Ca®* imaging. The intracellular Ca®* concentration ([Ca®"];) was measured in
cells loaded with 5 pM Fura-2-acetoxymethyl ester (Fura-2 AM) using a Nikon
Diaphot inverted epifluorescence microscope and an InCyt IM2 fluorescence
imaging system (Intracellular Imaging Inc., Cincinnati, OH) as previously de-
scribed (61). Individual responses from ~50 cells per coverslip were monitored
and averaged. Each experiment was repeated on at least three independent
coverslips.

For experiments using conditioned media, Stc2~/~ MEFs or stably transduced
Stc2™/~ MEFs overexpressing STC2 (designated KO+STC2) were cultured in flasks in
Leibovitz’s L-15 CO,-independent medium overnight. WT or Stc2~/~ MEFs cultured in
coverslips were loaded with Fura-2 AM as described above and then placed in condi-
tioned medium collected from Stc2~/~ or KO+STC2 MEF flasks and immediately used
for imaging. After establishing a baseline in conditioned medium for 5 min, Tg was
added directly to the cells in conditioned medium.

For manganese quench experiments, Hanks balanced salt solution (HBSS) was
supplemented with 2 mM MnCl,. After establishing the rate of manganese leak
in HBSS™ Mn?* medium, cells were challenged with Tg and the decline of
Fura-2 fluorescence was monitored over time. Ca®" influx rates then were cal-
culated as the rate of Fura-2 quenching before the addition of Tg (designated Mn
leak) subtracted from the rate after Tg challenge (Tg slope).

To assess SOCE in H19-7 cells, barium influx experiments were conducted.
Ba’" enters cells through Ca®* channels and binds to Fura-2 but is not seques-
tered into intracellular stores or pumped by plasma membrane Ca>* ATPases, so
changes in the Fura-2 ratio due to Ba®" directly report cation influx rates (27).
H19-7 cells were loaded with 5 uM Fura-2 AM, and after establishing the rate of
barium leak in Ca?*-free (0 Ca?*) HBSS plus 2 mM BaCl,, cells were challenged
with Tg (1 uM) in the absence of extracellular Ca>* and Ba®>" to deplete ER
stores, followed by the add back of 0 Ca®* HBSS plus Ba®" to trigger SOCE. The
Fura-2 fluorescence ratio (Fs40/F3g0) Was monitored over time, and barium influx
was determined as the barium leak rate subtracted from the linear slope of the
F,0/F 55 ratio after the add back of 0 Ca>* HBSS plus Ba" to trigger SOCE.

YFP-STIM1 translocation assay. WT and Stc2™/~ MEFs stably transduced
with YFP-STIM1 were plated on poly-L-lysine-coated 35-mm glass-bottom
dishes and placed in HBSS before mounting on the stage of a motorized inverted
fluorescence microscope (Nikon Eclipse TE-2000 E with perfect focus) main-
tained at 37°C using a custom-designed environment chamber. After obtaining a
wide-field image of YFP-STIMI fluorescence, total internal reflection (TIRF)
images were acquired every 15 s using a 60X TIRF objective (1.49 NA), YFP
filter cube (490- to 510-nm excitation, 520-nm emission; Nikon), and an electron-
multiplying charge-coupled device (EMCCD) camera (Photometrics Cascade
II). After acquiring baseline TIRF images, cells were briefly washed in 0 Ca*
HBSS and Tg was added to deplete ER Ca®* stores. Images were analyzed using
Metamorph imaging software (Molecular Devices). After background subtrac-
tion, total YFP fluorescence intensity was measured at each time point for
individual cells. Total TIRF YFP signals at baseline (before Tg addition) and at
maximum were normalized to the wide-field cellular fluorescence image to cal-
culate the baseline and maximum translocated YFP-STIM1 values. To quantify
the kinetics of STIM1 translocation, TIRF YFP signals were normalized to the
maximum TIRF YFP signal for each cell and plotted over time. Individual curves
then were fit using a Boltzmann nonlinear curve fit in OriginPro (OriginLab
Software), and the time to half-maximal translocation (X;) and rate of translo-
cation (dX) were determined. Puncta size, number, and shape were quantified
using the integrated morphometry analysis tool in Metamorph imaging software.

RESULTS

Loss of Stc2 expression in embryonic fibroblasts confers
increased susceptibility to ER and oxidative stress. To inves-
tigate the cellular function of STC2, we generated Stc2 null
mice by targeted deletion of exons 1 and 2 (Fig. 1A; also see
Fig. S1A in the supplemental material). The loss of Stc2 ex-
pression in Stc2~/~ animals was confirmed by RT-PCR anal-
ysis (Fig. 1B). The expression of Stc1, the homolog of Stc2, was
comparable in all genotypes, indicating a lack of compensatory
changes in STCI expression in Stc2~'~ mice (Fig. 1B). The
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FIG. 2. Stc2~/~ MEFs display altered Ca®>" homeostasis. (A) WT and Stc2~/~ MEFs loaded with 5 puM Fura-2 AM were treated with Tg (300
nM) in the presence of extracellular Ca®* (1.3 mM Ca?* HBSS), followed by perfusion with 0 Ca>" HBSS and the add back of extracellular Ca*"
to trigger SOCE. Traces represent the averages from six to seven experiments each for WT and Stc2~/~ MEFs. Average peak Ca®™ levels (means +
SEM) after the addition of Tg (B) or extracellular Ca** (C) for SOCE are shown. (D) WT and Stc2~/~ MEFs were treated with Tg in the absence
of extracellular Ca®" before Ca** add back. Each trace represents averages from five experiments. Graphs represent average peak Ca®™ levels
(mean = SEM) after the addition of Tg (E) or extracellular Ca** (F) for SOCE. *x, P < 0.01; *#*, P < 0.001 (each by Student’s ¢ test).

mating of Stc2*/~ mice generated pups in the expected Men-
delian frequencies, and Stc2™/~ mice displayed no deficits in
viability or fertility or any gross anatomical defects or signifi-
cant lesions, although they did show a small but significant
increase in body weight as previously described (see Fig. SIB
to G in the supplemental material) (9).

Primary MEFs cultured from Szc2~/~ embryos had normal
cytoskeletal and morphological structure (see Fig. S2A in the
supplemental material), and their proliferation under normal
culture conditions was indistinguishable from that of WT
MEFs (see Fig. S2B). As expected, STC2 expression was in-
duced in WT but not Stc2~/~ MEFs following exposure to the
ER stress-eliciting agent tunicamycin (Tm) or thapsigargin
(Tg) (Fig. 1C). Similarly to our previously published results for
astrocytes, N2a, and PCI12 cells, increases in STC2 protein
expression in WT MEFs were clearly visible after 4 h of treat-
ment and continued to increase even after 16 h (see Fig. S2C).
To determine whether Stc2 expression is required for the op-
timal induction of the UPR, we exposed WT and Stc2™/~
MEFs to different concentrations of Tg (ranging from 25 to
300 nM) and monitored the upregulation of well-established
markers of the UPR. Immunoblot analysis revealed robust and
comparable increases in the levels of BiP, PDI, and CHOP
following the addition of Tg in both WT and Stc2~/~ MEFs
(see Fig. S2D). Nevertheless, Stc2~/~ MEFs demonstrated sig-
nificantly decreased survival compared to that of WT MEFs
after exposure to Tg or H,O, (Fig. 1D and E). Therefore, Stc2
expression is important for cell survival in response to ER and
oxidative stress.

Stc2™'~ MEFs display altered Ca>* homeostasis. Although
widely implicated in mammalian mineral homeostasis, a direct
role for STC2 in Ca*" handling has never been demonstrated.
To determine whether STC2 plays a role in intracellular Ca**
homeostasis, we conducted the fluorescent imaging of WT and
Stc2~/~ MEFs loaded with the ratiometric dye Fura-2. After
establishing [Ca®"]; baselines in HBSS (containing 1.3 mM
extracellular Ca®"), Tg, an irreversible inhibitor of the sarco-
endoplasmic reticulum Ca?* ATPase, was added to deplete
ER Ca®" stores (52). Subsequently, extracellular Ca®" was
removed by perfusion with 0 Ca** HBSS before being added
back (HBSS containing 1.3 mM extracellular Ca*") to trigger
SOCE (Fig. 2A). Quantitative PCR analysis revealed that Stc2
expression remained unchanged throughout the time span of
this experiment, which is typically between 20 and 30 min (see
Fig. S3A and B in the supplemental material). Although WT
and Stc2~’~ MEFs showed no difference in [Ca®"]; baselines,
peak Ca?* levels induced by Tg treatment in the presence of
external Ca®>* were significantly increased in Stc2~/~ MEFs
compared to those of the WT (Fig. 2B). Since this increase
represents both Ca®* loss from the ER store and extracellular
Ca®" influx through SOCs, we also quantified [Ca®"]; peaks
following washout with 0 Ca®** HBSS and Ca®* add back to
isolate the SOCE component. We found that the SOCE peak
also was significantly higher in Stc2~/~ than in WT cells (Fig.
2C). Quantitative differences in [Ca®"]; after store depletion
were consistently observed in independent pools of WT and
Stc2~'~ MEFs cultured from multiple embryos (see Fig. S3C).
In the absence of extracellular Ca®", the Tg-induced Ca**
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FIG. 3. Store-operated Ca*>* entry is increased in Stc2~/~ MEFs.
(A) Fura-2-loaded WT and Stc2~/~ MEFs were perfused with HBSS
containing 2 mM MnCl,, followed by treatment with Tg (300 nM).
Images were acquired at an excitation of 360 nm (the isosbestic point
for Fura-2). Traces represent averages from at least 15 experiments.
The inset shows average Mn?* leak rates before the addition of Tg.
(B) Average Mn?" influx rate (corrected for Mn?* leak) after Tg
addition (means = SEM). (C) WT and Stc2~/~ MEFs loaded with
Fura-2 were perfused with HBSS containing 50 uM 2-APB, a specific
inhibitor of SOCE, followed by treatment with Tg, perfusion in 0 Ca**
HBSS, and Ca?* add back in the presence of 2-APB. Traces represent
averages from nine experiments. (D) Quantification of average [Ca®*];
peaks after Tg addition (means = SEM) in the presence of HBSS and
2-APB. %, P < 0.05 by Student’s ¢ test.

peak did not differ between WT and Stc2~/~ MEFs (Fig. 2D
and E), indicating that the filling states of ER Ca?™ stores are
comparable. Likewise, the depletion of total intracellular Ca**
stores in 0 Ca*" HBSS using the Ca*" ionophore ionomycin
showed no difference between WT and Stc2~/~ MEFs (see Fig.
S4A and B). However, [Ca®"]; peaks upon Ca*>* add back were
significantly increased in Stc2~/~ MEFs after store depletion
with Tg or ionomycin (Fig. 2F; also see Fig. S4C). Thus, the
increased intracellular Ca** levels observed in Stc2~/~ MEFs
after store depletion are dependent upon extracellular Ca*
and are not due to differences in ER Ca®" content.

To establish that the augmentation of [Ca®"]; in Stc2™/~
MEFs is due to increased Ca®" influx rather than decreased
plasma membrane Ca®" pump activity, we measured Fura-2
fluorescence quenching by SOC-permeable Mn?™, which per-
meates SOCs but is not pumped by plasma membrane Ca®"
ATPases (35). After establishing the rate of Mn?" leak in
HBSS plus Mn?" (2 mM MnCl,) medium, cells were chal-
lenged with Tg and the decline of Fura-2 fluorescence was
monitored over time (Fig. 3A). Fura-2 quench rates were cor-
rected for Mn?* leak (Fig. 3A, inset) to obtain Tg-stimulated
cation influx rates. Stc2~/~ MEFs exhibited a significant in-
crease in Mn?" influx rate following store depletion, which is
consistent with enhanced cation entry through SOCs (Fig. 3B).

To verify the predominant route of Ca** influx affected by
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the loss of Stc2 expression, we monitored [Ca®*]; in the pres-
ence of 2-aminoethyldiphenyl borate (2-APB), which inhibits
Ca®* entry through SOCs at concentrations of >30 uM (12).
WT and Stc2~’~ MEFs were challenged with Tg in the pres-
ence of extracellular Ca®*, as described in the legend to Fig.
2A, with the addition of 50 uM 2-APB. The addition of 2-APB
completely prevented the accumulation of [Ca?"]; upon Ca**
add back (Fig. 3C). Furthermore, the presence of 2-APB mod-
ified the initial biphasic response (observed immediately after
Tg addition), comprising both store emptying and SOCE (Fig.
2A), to a single peak that solely represented the store deple-
tion component (Fig. 3C). It also abrogated the elevated in-
tracellular Ca®* levels induced by Tg in the presence of exter-
nal Ca?* in Stc2~/~ MEFs (compare Tg peaks in Fig. 2B and
3D). As a control, we also performed store depletion in 0 Ca**
HBSS in the presence or absence of 2-APB and found that
2-APB does not affect store depletion by Tg (see Fig. S4D in
the supplemental material). Taken together, these experiments
suggest that the alteration in Ca®" homeostasis observed in
Stc2™'~ MEFs is due to a specific increase in Ca®* entry
through plasma membrane SOCs.

Knockdown of Stc2 expression potentiates SOCE in H19-7
cells. To confirm that the effect of Stc2 expression on Ca**
homeostasis is not limited to MEFs, we examined Ca”>" han-
dling in rat hippocampal H19-7 cells. These cells proliferate
when cultured at 33°C but differentiate upon a switch to 39°C
and neuronal culture medium, and once differentiated they
exhibit robust SOCE (61). We stably transduced H19-7 cells
with retrovirus expressing Stc2 short hairpin RNA (shRNA) or
luciferase control shRNA and confirmed the knockdown of
STC2 expression in the pooled stable cells by Western blot
analysis of cell lysates and conditioned media (Fig. 4A). Fol-
lowing 3 days of differentiation, cells were loaded with Fura-2
and SOCE was assessed by store depletion followed by Ca"
add back (Fig. 4B). Similarly to Stc2~/~ MEFs, H19-7 cells
with reduced STC2 expression accumulated significantly more
[Ca®*); than control cells both at peak Ca** levels and at the
plateau phase (Fig. 4C and D). Moreover, by monitoring Ba**
influx rates, we confirmed that this difference in [Ca®*]; is
attributable to an increase in cation influx (Fig. 4E and F).

Overexpression of STC2 reduces SOCE. Since STC2 expres-
sion is induced by cellular stress, we generated pools of MEFs
stably expressing STC2 to investigate the effect of STC2 over-
expression on SOCE. As WT STC2 is readily secreted (24), we
also generated stable pools of MEFs that overexpress STC2
harboring the KDEL ER retention motif (STC2x g, ) (38) to
determine if STC2 function is cell intrinsic. The overexpression
of STC2 and ER retention of STC2y i, was verified by the
Western blot analysis of cell lysates and conditioned media
(Fig. 5A) as well as by immunofluorescence staining with or-
ganelle markers (see Fig. S5 in the supplemental material). We
next loaded these cells with Fura-2 and compared Ca®" han-
dling as described for Fig. 2D. Although ER Ca®" stores were
not different between the cell lines, we observed a significant
reduction in SOCE in cells overexpressing either STC2 or
STC2kper (Fig. 5B and C). Since the overexpression of ER-
retained STC2 ;. Was at least as effective as WT STC2 in
reducing SOCE, these results suggest that STC2 functions in-
tracellularly to regulate SOCE. To further confirm this notion,
we examined the effect of secreted STC2 on Ca** homeostasis.
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FIG. 4. Knockdown of Stc2 expression in H19-7 cells increases SOCE. (A) Analysis of STC2 expression in stable luciferase (Luc) and STC2
RNAI pools at steady state and following treatment with Tg (300 nM) to induce ER stress. Aliquots of cell lysates and immunoprecipitates of
conditioned medium were analyzed by immunoblotting. (B) Differentiated H19-7 pools of cells stably expressing STC2 or Luc shRNA were loaded
with 5 wM Fura-2 AM. Cells then were perfused with 0 Ca** HBSS followed by treatment with Tg in 0 Ca** HBSS. After store depletion, HBSS
was added to trigger SOCE. Each trace represents the averages from 12 experiments. Graphs represent total [Ca*]; increases (area under the
curve) after Tg addition (C) or Ca®*" add back (D). %, P < 0.05 by Student’s ¢ test; n.s., not significant. (E) Differentiated H19-7 cells stably
expressing STC2 or Luc shRNA were loaded with 5 uM Fura-2 AM. Cells then were perfused with 0 Ca>* HBSS plus 2 mM BaCl, followed by
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addition (Ba®" leak) from the slope after Tg addition. **, P < 0.01; ***, P < 0.001 (each by one-way ANOVA).

We generated pools of Stc2~/~ MEFs stably overexpress-
ing STC2 and collected conditioned medium from them
(KO+STC2 medium) or from control Stc2~/~ MEFs (KO
medium) (Fig. 5D). We then pretreated Fura-2-loaded WT
and Stc2~'~ MEFs with KO or KO+STC2 medium before the
depletion of [Ca®"]; stores by Tg and monitored changes in
[Ca®*); over time (Fig. SE). While Stc2~/~ MEFs accumulated
more intracellular Ca>* than WT MEFs, the presence of STC2
in the conditioned medium did not significantly affect [Ca®*];
in WT or Stc2”/~ MEFs (Fig. 5F). Taken together, these
results suggest that the overexpression of STC2 reduces SOCE,
likely through the modulation of an intracellular target.

STC2 interacts with STIM1. The essential components of
the SOCE pathway include the ER Ca®* sensor STIMI1 and
plasma membrane SOCs (44). Since ER-localized STC2y .
was effective at reducing SOCE while secreted STC2 seemed
to have no discernible effect, we hypothesized that STC2 af-
fects SOCE through interaction with STIM1. The quantitative
analysis of immunofluorescently labeled COS cells cotrans-
fected with epitope-tagged STIM1 (YFP-STIM1) and STC2
(STC2¢1q,) revealed that STC2 and STIMI strongly colocalize
within cells (Pearson’s coefficient, 0.699 + 0.041; n = 11) (Fig.
6A), indicating that both proteins are present within the same
subcellular compartments. To test for a direct interaction be-
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FIG. 5. Overexpression of STC2 reduces SOCE. (A) Western blot analysis of STC2 or STC2g g, expression in the lysates and conditioned
medium of pooled stably transduced MEFs. (B) Control and STC2-overexpressing MEFs loaded with Fura-2 were perfused in 0 Ca?* HBSS before
the addition of Tg (300 nM) and Ca®* add back. Traces represent averages from eight experiments. (C) Quantification of [Ca®"; peaks after Ca®"
add back (means = SEM). (D) Western blot analysis of conditioned medium samples from Stc2~/~ MEFs (KO medium) or Stc2~/~ MEFs
overexpressing STC2 (KO+STC2 medium). (E) Fura-2-loaded WT or Stc2~/~ MEFs were incubated in KO or KO+STC2 medium for ~10 min
before Tg was added directly to the media, and [Ca®*]; was monitored over time. Traces represent averages from at least 10 experiments.
(F) Quantification of [Ca®"]; peaks after the addition of Tg (means = SEM). %, P < 0.05; **, P < 0.01; ***, P < 0.001 (each by one-way ANOVA).

tween STC2 and STIM1, we cotransfected COS cells and im-
munoprecipitated STIM1 using a C-terminal anti-STIM1
antibody. Western blot analysis revealed that STC2 coimmu-
noprecipitated with STIM1, but not when the control preim-
mune serum was used (Fig. 6B). Similarly, we were able to
coimmunoprecipitate STIM1 with an antibody against the
epitope tag on STC2 (Fig. 6C). We confirmed these results
using myc-tagged STIM1 to rule out nonspecific interactions
with STC2 due to the presence of the relatively large YFP
epitope tag (see Fig. S6B in the supplemental material). Fi-
nally, we were unable to coimmunoprecipitate STC2 with
STIM1 when lysates from cells individually transfected with
STIM1 or STC2 were mixed, indicating that the binding of
STC2 and STIM1 occurs within the cells and not after cell lysis
(see Fig. S6A). Interestingly, we noticed that the addition of a
low concentration of SDS (0.25%) produced a consistent in-
crease in the coimmunoprecipitation of STC2 and STIM1 (Fig.
6B and C; also see Fig. S6B). While the reason for this obser-
vation is not apparent at present, we plan to explore this in
future studies.

STIMI directly senses ER Ca®* levels through an N-termi-
nal Ca®* binding EF-hand domain. Upon the dissociation of
Ca®", this domain undergoes significant conformational
change, partially unfolding to a much less compact «-helical
state that promotes oligomerization (49). Therefore, we tested
the sensitivity of the coimmunoprecipitation between STC2

and STIM1 to changes in Ca®" concentrations. Specifically, we
performed the immunoprecipitation of STIM1 from cotrans-
fected COS cells in the absence (EDTA) or presence of 100
nM, 1 pM, or 1 mM CaCl,. We found that STC2 coimmuno-
precipitated with STIM1 to a similar extent under all condi-
tions tested, demonstrating that STC2 interaction with STIM1
is insensitive to Ca®* (Fig. 6D). Consistent with this result, we
also found that STC2 coimmunoprecipitated with STIM1 after
Tg-induced store depletion (Fig. 6E). These results suggest
that STIM1 activation and oligomerization does not preclude
interaction with STC2. Therefore, we tested for coimmunopre-
cipitation between STC2 and the constitutively active EF-hand
mutant STIM1,,.,, Which oligomerizes even in the presence
of replete ER stores (50, 64). We found that STC2 coimmu-
noprecipitated equally well with both the WT and EF-hand
mutant STIM1 (Fig. 6E).

To confirm the interaction between STC2 and endogenous
STIM1, we retrovirally transduced WT or Stiml '~ Stim2~/~
dKO MEFs with STC2 and performed coimmunoprecipitation
experiments. Under basal conditions, the coimmunoprecipita-
tion of STC2 with endogenous STIM1 was below the limit of
detection. However, we found that the induction of ER stress
by the overnight treatment of cells with Tm or Tg led to a
strong increase in the amount of STC2 coimmunoprecipitating
with endogenous STIM1 (Fig. 6F). Similar results were ob-
tained with treatment times as short as 4 h.
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(B and C) COS cells were transfected as indicated and analyzed by coimmunoprecipitation using STIM1, CT11, or preimmune serum. (D) Co-
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STC2 expression does not alter SOCE through modulation
of STIM1 translocation. Upon the depletion of ER Ca®"
stores, STIM1 translocates in close opposition to the plasma
membrane to activate SOCs. To test whether the lack of STC2
expression affects STIM1 translocation, we generated pools of
WT and Stc2~/~ MEFs stably expressing YFP-STIM1 and
used TIRF microscopy to specifically visualize and quantify the
fluorescence intensity of STIM1 located near the plasma mem-
brane during store depletion (Fig. 7A and B). However, we
found that the time to reach half-maximal translocation was

indistinguishable between WT and Stc2~/~ MEFs (Fig. 7C),
although we observed a slightly lower rate of STIMI1 trans-
location in Stc2~/~ MEFs (Fig. 7D). The quantification of
the absolute levels of translocated STIM1 showed no change
under baseline conditions and a slight decrease in maximum
translocated YFP-STIMI1 in Stc2~/~ MEFs following store
depletion (Fig. 7E). Further quantification revealed that
puncta size, shape, and density were similar between WT
and Stc2”/~ MEFs as well (Fig. 7F to H). Therefore, al-
though STC2 physically interacts with STIM1, the loss of
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FIG. 7. STIMI translocation is not potentiated in Stc2~/~ MEFs following store depletion. (A) WT and Stc2~/~ MEFs stably expressing
YFP-STIM1 were imaged by TIRF microscopy. Representative TIRF images are shown before and after ER Ca*™ store depletion by the addition
of Tg. Scale bar, 10 wm. (B) Time-lapse TIRF images of transfected WT and Stc2~/~ MEFs treated with Tg (300 nM) in 0 Ca** HBSS were
acquired to measure the translocation of YFP-STIMI1 to puncta near the plasma membrane. Total YFP TIRF intensity was quantified, and STIM1
translocation was plotted over time and normalized to the maximum YFP-STIM1 TIRF signal. Traces represent the averages from 12 experiments,
with ~6 to 12 cells/experiment. (C and D) Data from individual cells were fit using a Boltzmann sigmoidal function, and the time to half-maximal
translocation (C) and the rate constant (dX) (where dX is equal to the change in time corresponding to the greatest change in STIM1 translocation,
such that larger dX values correspond to lower rates of translocation) (D) were calculated and compared between WT and Stc2~/~ MEFs. (E) Total
translocated STIM1 values at baseline and at maximum were quantified by the normalization of TIRF YFP signals to wide-field fluorescence. n.s.,
not significant. *, P < 0.05; **, P < 0.01 (each by Student’s ¢ test). (F to H) Quantification of YFP-STIM1 puncta size (F), density (G), and shape
factor (H), where 1 is equal to a perfect circle, in WT and Stc2~'~ MEFs following store depletion.

STC2 does not increase SOCE by the potentiation of STIM1
translocation.

The overexpression of STIM1 has been shown to produce
modest increases in SOCE in HEK, HeLa, and Jurkat cells (32,

42, 46, 47). To determine if STC2 increases SOCE by affecting
STIM1 expression, we analyzed levels of endogenous STIM1 in
WT and Stc2~/~ MEFs. Contrary to our expectation, we found
that STIM1 expression was reduced by ~40% in Stc2™/~
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MEFs compared to that of the WT (see Fig. S7 in the supple-
mental material). Thus, the loss of STC2 does not increase
SOCE through increased expression of STIMI1. Rather, this
result suggests that the negative tone on SOCE provided by
STC2 is underestimated in our experiments, as SOCE was
increased in Stc2~/~ MEFs despite reduced STIM1 levels.
Blockade of SOCE rescues Stc2~'~ MEF susceptibility to
oxidative stress. Alterations in cellular Ca®>* homeostasis, es-
pecially those that lead to increases in cytoplasmic Ca*" levels,
underlie diverse injury and disease states (14). Importantly,
STIMI recently was demonstrated to be a target of S-gluta-
thionylation during oxidative stress, and this modification leads
to the constitutive activation of SOCE and increased cell death
(20). Likewise, we found that Stiml~'~ Stim2~'~ MEFs are
protected from oxidative stress-induced cell death (Fig. 8A).
Since our results indicate that STC2 functions as a negative
modulator of SOCE, we hypothesized that increased Ca*"
influx due to the loss of STC2 expression is responsible for the
enhanced susceptibility of Stc2~/~ MEFs to oxidative stress.
To test this possibility, we measured the susceptibility of WT
and Stc2~/~ MEFs to oxidative stress in the presence of the
SOCE inhibitor 2-APB. The induction of cell death elicited by
H,0, was blocked by the coincubation of WT MEFs with 100
wM 2-APB (Fig. 8B). More importantly, incubation with
2-APB also was able to block cell death in Stc2~/~ MEFs.
These results indicate that Ca?* influx through SOCE is an
essential component of cell death triggered by oxidative stress,
and that the enhanced susceptibility of Stc2~/~ MEFs to H,0,
very likely is attributable to the observed increase in SOCE.

DISCUSSION

In this study, we provide the first evidence for a direct role
for STC2 in the regulation of cellular Ca®*" homeostasis.
Previously we reported that the expression of STC2 is up-
regulated in mammalian cells by ER stress, oxidative stress,
and hypoxia, and that STC2 is a critical survival component
of the UPR (23). However, the precise cellular and molec-
ular function for STC2 has remained elusive. Here, we re-
port that fibroblasts derived from Stc2~/~ mice accumulate
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increased intracellular Ca** following store depletion. Our
data demonstrate that this increase in [Ca®"]; levels results
from an increase in Ca®* influx and is not due to alterations
in intracellular Ca®" stores. Furthermore, we have found
that the increased Ca®" influx occurs specifically through
SOCs, as it can be completely blocked by the SOCE inhib-
itor 2-APB. Increased SOCE also was observed in the rat
hippocampal H19-7 cell line with the knockdown of Stc2
expression. Conversely, the overexpression of STC2 in
MEFs resulted in a reduction of SOCE. Taken together,
these experiments suggest that STC2 functions as a negative
regulator of Ca®>" influx through SOCs.

It has been documented that Stanniocalcin functions as an
endocrine regulator of gill Ca®* uptake in fish (55). While a
few studies have proposed similar functions for mammalian
STCs (33, 40), no abnormalities in serum Ca®" or phosphate
levels were observed in Stcl /=, Stc2™/~, or Stcl ™/~ Stc2™'~
mice as well as transgenic mice overexpressing STC2 (8, 9,
17). Thus, results from these Stc2 mouse models indicated a
lack of conservation of endocrine function for STC2 in min-
eral homeostasis in mammals. However, our Ca** imaging
assays demonstrate that mammalian STC2 regulates Ca*"
homeostasis by the modulation of SOCE at the cellular
level. Although mammalian STC2 is a secreted protein, we
found that STC2y g, which is retained in the ER and does
not get secreted, was as effective as wild-type STC2 in re-
ducing SOCE, suggesting an intracellular target of STC2
action.

Consistently with the notion of cell-intrinsic STC2 func-
tion, we found substantial overlap in the intracellular local-
ization as well as an interaction between STC2 and STIM1,
an essential component of the SOCE pathway (32, 46).
STIM1 serves as both the sensor of ER Ca®* levels and the
activator of plasma membrane SOCs (6). Recent work has
identified several SOCE regulatory proteins that appear to
function by binding STIM1 (19, 48, 59, 60). However, to our
knowledge, STC2 represents the first ER luminal protein
with the ability to both bind STIM1 and regulate the overall
magnitude of SOCE. Although STIM1 and STIM2 interact
with and gate SOCs through domains within the C terminus
that are oriented toward the cytosol, domain-swapping stud-
ies reveal that a short stretch of flexible random coil do-
mains at the extreme N terminus of STIM proteins (oriented
toward the lumen) confer dramatically different Orail acti-
vation kinetics. Notably, the physiological control of the
overall magnitude of SOCE exerted by STIM1 and STIM2
mediated by the N-terminal flexible random coil domain
occurred independently of changes in ER Ca**, STIM clus-
tering, or interaction with Orail (65). Since we did not find
any potentiation of STIM1 translocation in Stc2~/~ MEFs,
we hypothesize that the binding of STC2 to STIM1 within
the ER lumen modifies the intrinsic function of the extreme
N terminus of STIMI, leading to changes in the overall
magnitude of SOCE after store depletion. This is consistent
with our observation that STIM1 coimmunoprecipitates
with the core glycosylated immature form of STC2 (Fig. 6B
and D) as well as ER-retained STC2¢,; (data not shown).
Furthermore, under the conditions employed in our exper-
iments, STC2 does not coimmunoprecipitate Orail.

Our attempts to map the interacting domains in STC2 and
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luminal domain of STIM1 using deletion mutants have not
been successful because of the intramolecular associations
within these proteins. The luminal domain of STIM1 has a
complex molecular structure, where the EF and SAM do-
mains fold cooperatively. Although it is possible to express
recombinant proteins that correspond to the EF1-SAM do-
main of STIMI (residues Ser58 to Gly201), the expression
of the isolated canonical Ca?" binding EF-hand 1, hidden
EF2, or SAM domain results in unfolded protein or highly
labile protein (49, 50). Structural analysis reveals that this
instability is consistent with EF-hand-SAM intramolecular
association and the mutually linked folding and stability of
the region encompassing EF1-SAM domains (50). Similarly,
the expression of experimental deletion mutants of STC2 is
problematic due to the presence of multiple intra- and in-
termolecular disulfide bridges in STC2 (21). However, our
coimmunoprecipitation experiments do provide some in-
sights. STC2 was found to coimmunoprecipitate with STIM1
across a range of Ca®>* concentrations. Furthermore, STC2
also could be coimmunoprecipitated with STIM1 following
store depletion with Tg or with the constitutively active
EF-hand mutant STIM1,.,. Taken together, these exper-
iments suggest that STC2 is capable of binding STIMI in
both resting and activated conformations and thus is situ-
ated to directly regulate STIM1 function during SOCE.

We also found that the binding of endogenous STIM1
with STC2 is increased by ER stress-inducing agents. This
increase was seen with as little as 4 h of treatment with Tm
or Tg and persisted with overnight treatment. It is possible
that this increase in binding is attributable to an elevation in
cell-associated STC2 resulting from the impaired secretion
of this protein (as is the case with many other proteins)
during ER stress (see Fig. S6C and D in the supplemental
material). However, the increase in coimmunoprecipitated
STC2 induced by treatment appears to be significantly
greater than the increase in STC2 observed in the input
lysate. Alternatively, both Tg and Tm perturb the luminal
protein folding environment, and this could favor alterna-
tive conformations of STC2 or STIM1 that lead to increased
association. Such a mechanism for regulated association and
dissociation has been demonstrated previously for the bind-
ing of the ER luminal chaperone BiP to the transmembrane
signal transduction kinases PERK and IRE1 during the
UPR (2). The N terminus of STIM1 undergoes significant
conformational change associated with Ca®>" binding (or
unbinding) (49, 50). Since STC2 and STIM1 can be coim-
munoprecipitated across a range of concentrations of Ca®",
it seems unlikely that Ca®*-induced conformational changes
in STIM1 that occur during store depletion, with the short-
term application of Tg (10 min), mediate the increased
association of STC2 (Fig. 6E). Therefore, we favor the hy-
pothesis that changes in STC2 folding mediated by ER
stress, such as following prolonged incubations with Tg or
Tm (Fig. 6F), promote its interaction with STIMI1.

We and others have shown previously that the expression
of STC2 is induced during cellular stress, and this induction
has a cytoprotective function (23, 28, 30). The data pre-
sented here are consistent with the idea that STC2 limits the
STIM1-mediated activation of Ca®" influx during periods of
cellular stress, thus promoting cellular survival. An increase
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in STC2 binding to STIM1 in cells treated with Tg or Tm,
two agents that cause ER stress, supports this notion. In
addition to STC2, recent work has identified a potential role
for STIMI1 in the cellular stress response. Specifically,
STIM1 is a target of S-glutathionylation during oxidative
stress, and this modification leads to the store-independent
translocation of STIM1, activation of SOCs, and increased
cellular vulnerability to stress (20). In agreement with this
data, we were able to confirm that StimI '~ Stim2~'~ MEFs
are protected from H,O,-induced cell death. Since Stc2~/~
MEFs lack the negative regulation of STIM1-mediated
Ca®" influx and show increased susceptibility to oxidative
stress-induced cell death, we hypothesized that this function
of STC2 underlies its cytoprotective properties. Therefore,
we tested the susceptibility of Stc2~/~ MEFs to H,0,-in-
duced cell death in the presence of the SOCE inhibitor
2-APB and found that the blockade of Ca®" influx fully
rescued the susceptibility of these cells. Therefore, STC2-
mediated negative regulation of SOCE is likely to be im-
portant for cell viability during periods of oxidative stress. It
is known that a complex set of transcriptional and posttran-
scriptional events, collectively referred to as the integrated
stress response, coordinate cell survival following ER and
oxidative stress (25, 45). Previously we uncovered the up-
regulation of STC2 following ER and oxidative stress and
reported that STC2 upregulation offered cytoprotection
from stress-induced apoptotic cell death (23). The results
outlined here demonstrate that the mechanism by which
STC2 exerts its cytoprotective property under conditions of
cellular stress is through the negative modulation of SOCE.

In addition to a role in the cellular stress response, STC2
expression has been correlated with the development or
severity of several types of cancer, including breast, pros-
tate, renal, colorectal, and ovarian carcinomas (4, 5, 22, 36,
51). In fact, several of these studies have proposed using
STC2 expression as a prognostic marker (5, 15, 26, 36).
Although there is a clear correlation between STC2 levels
and cancer progression, most of these studies have not ad-
dressed the functional significance of elevated STC2 expres-
sion. Some reports using cancer cell lines, however, have
proposed that STC2 promotes the invasiveness and metas-
tasis of cancer cells, although the exact mechanism for this
effect is not clear (26, 29, 53). Our current study has iden-
tified SOCE as an important molecular pathway regulated
by STC2, with STIM1 as a direct binding partner. Interest-
ingly, the short interfering RNA (siRNA) downregulation of
STIM1 has been shown to decrease cancer cell migration in
vitro and inhibit tumor metastasis in vivo (63), raising the
question of how a positive regulator (STIM1) and a negative
regulator (STC2) of SOCE both can promote cancer pro-
gression. The answer may lie in the dual nature of Ca®* as
a signal transducer, whereby moderate elevations of Ca*"
promote cell proliferation, migration, and invasion and
higher Ca®* elevations promote apoptosis. One of the cen-
tral requirements for the successful progression of tumor
cells is the development of methods to escape apoptosis. A
high level of STC2 expression would protect tumor cells by
ensuring that SOCE is not elevated to the point that it would
induce Ca**-dependent apoptosis. A similar process occurs
for the stress-induced p53 proteins, where cell stress induces
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moderate levels of p53, leading to the transcription of nu-
merous genes that help the cell deal with the stress. How-
ever, because too-high levels of p53 can induce apoptosis, an
inhibitor of p53 (mdm-2) is produced in parallel to act as a
buffer to prevent p53 from inducing apoptosis under inap-
propriate conditions (54). Therefore, the negative regula-
tion of SOCE by STC2 may represent an important mech-
anism by which STC2 expression can help tumor cells evade
apoptosis and aide in cancer progression.
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